Mammalian cells are capable of delivering multiple types of membrane capsules extracellularly. The limiting membrane of late endosomes can fuse with the plasma membrane, leading to the extracellular release of multivesicular bodies (MVBs), initially contained within the endosomes, as exosomes. Budding viruses exploit the TSG101 protein and endosomal sorting complex required for transport (ESCRT) machinery used for MVB formation to mediate the egress of viral particles from host cells. Here we report the discovery of a virus-independent cellular process that generates microvesicles that are distinct from exosomes and which, like budding viruses, are produced by direct plasma membrane budding. Such budding is driven by a specific interaction of TSG101 with a tetrapeptide PSAP motif of an accessory protein, arrestin domain-containing protein 1 (ARRDC1), which we show is localized to the plasma membrane through its arrestin domain. This interaction results in relocation of TSG101 from endosomes to the plasma membrane and mediates the release of microvesicles that contain TSG101, ARRDC1, and other cellular proteins. Unlike exosomes, which are derived from MVBs, ARRDC1-mediated microvesicles (ARMMs) lack known late endosomal markers. ARMMs formation requires VPS4 ATPase and is enhanced by the E3 ligase WWP2, which interacts with and ubiquitinates ARRDC1. ARRDC1 protein discharged into ARMMs was observed in co-cultured cells, suggesting a role for ARMMs in intercellular communication. Our findings reveal an intrinsic cellular mechanism that results in direct budding of microvesicles from the plasma membrane, providing a formal paradigm for the evolutionary recruitment of ESCRT proteins in the release of budding viruses.
Mammalian cells are capable of delivering multiple types of membrane capsules extracellularly. The limiting membrane of late endosomes can fuse with the plasma membrane, leading to the extracellular release of multivesicular bodies (MVBs), initially contained within the endosomes, as exosomes. Budding viruses exploit the TSG101 protein and endosomal sorting complex required for transport (ESCRT) machinery used for MVB formation to mediate the egress of viral particles from host cells. Here we report the discovery of a virus-independent cellular process that generates microvesicles that are distinct from exosomes and which, like budding viruses, are produced by direct plasma membrane budding. Such budding is driven by a specific interaction of TSG101 with a tetrapeptide PSAP motif of an accessory protein, arrestin domain-containing protein 1 (ARRDC1), which we show is localized to the plasma membrane through its arrestin domain. This interaction results in relocation of TSG101 from endosomes to the plasma membrane and mediates the release of microvesicles that contain TSG101, ARRDC1, and other cellular proteins. Unlike exosomes, which are derived from MVBs, ARRDC1-mediated microvesicles (ARMMs) lack known late endosomal markers. ARMMs formation requires VPS4 ATPase and is enhanced by the E3 ligase WWP2, which interacts with and ubiquitinates ARRDC1. ARRDC1 protein discharged into ARMMs was observed in co-cultured cells, suggesting a role for ARMMs in intercellular communication. Our findings reveal an intrinsic cellular mechanism that results in direct budding of microvesicles from the plasma membrane, providing a formal paradigm for the evolutionary recruitment of ESCRT proteins in the release of budding viruses.
Gag | receptor | ubiquitin | vesicle T he plasma membrane is a dynamic structure that can bud inward or outward to generate membrane-encapsulated vesicles (1, 2) . Inward budding leads to the formation of endosomes, which can mediate the sorting and degradation of receptors and other plasma membrane proteins by the highly conserved endosomal sorting complex required for transport (ESCRT) machinery that recognizes and guides ubiquitinated receptors from plasma membranes to late endosomes and then to lysosomes, where the receptors are degraded (for reviews, see refs. 1, 3, and 4). The protein encoded by tumor susceptibility gene 101 (TSG101), an essential ESCRT component, is central to endosomal sorting (5, 6) . Using a unique ubiquitin enzyme variant (UEV) domain that binds to ubiquitin and recognizes the tetrapeptide protein motif PS/TAP (7) (8) (9) , TSG101 interacts with the early endosomal protein HRS (6, 10, 11) and the late endosome-associated protein ALIX (12) to mediate the trafficking of ubiquitinated receptors from early endosomes to late endosomes; there, additional ESCRT proteins and an ATPase (VPS4) drive the formation and delivery of endosomal cargo to endosomal membrane-derived vesicles known as "multivesicular bodies" (MVBs) (3, 13) . Fusion of MVBs with lysosomes leads to degradation of the cargo, whereas trafficking and fusion of MVBcontaining late endosomes with the plasma membrane deliver small vesicles termed "exosomes" into the extracellular space (2, 14, 15) .
Outward budding of plasma membranes occurs during egress of budding viruses from cells. The best-characterized example of viral budding, which hijacks the ESCRT machinery, involves HIV (16) (17) (18) . HIV budding is driven by the viral Gag protein, which localizes to the plasma membrane of host cells. In the late domain of HIV Gag is a critical PTAP motif that interacts with the UEV domain of TSG101 (19, 20) , enabling Gag to recruit TSG101 and other ESCRT proteins, which normally reside on endosomal membranes, to the cell surface (12, 21, 22) . By such recruitment, Gag can initiate plasma membrane budding. Disruption of the Gag-TSG101 interaction either through mutation of the PTAP motif in Gag or overexpression of mutant TSG101 can block the release of HIV viral particles (23) (24) (25) . Many other viruses also exploit TSG101 or other ESCRT components to aid their budding at the cell surface (26, 27) .
Although viral budding and MVB formation are topologically similar, in that both processes use the ESCRT machinery and involve the budding of membranes away from the cytosol, the two events in fact are functionally and structurally distinct. MVBs are formed by invagination of late endosome limiting membranes into the lumen of the organelle, whereas budding of viruses normally occurs at the cell surface and results in release of viral particles from the cytoplasm extracellularly (i.e., evagination). Thus, the analogy between MVB formation and viral budding (18, 26) is incomplete. Here we report an intrinsic cellular process, termed "direct plasma membrane budding" (DPMB), that underlies MVB-independent vesicle formation at the cell surface. We show that DPMB, which involves the recruitment of TSG101 to the cell surface by arrestin domain-containing protein 1 (ARRDC1) and is mechanistically distinct from MVB formation and from MVBrelated exosome formation, leads directly to evagination of the plasma membrane and the release of a previously undescribed type of microvesicle into the extracellular space.
Results
ARRDC1 Recruits TSG101 to the Plasma Membrane. Using a yeast two-hybrid screen and the UEV domain of TSG101 as the bait, we identified two independent clonal isolates that correspond to the C-terminal fragments of ARRDC1 (Fig. 1A) . This finding is consistent with a previous report of coimmunoprecipitation of ARRDC1 with TSG101 (28) . ARRDC1 contains a highly conserved PSAP motif (Fig. 1B) , and mutational alteration of this motif to PAAP markedly reduced the interaction between ARRDC1 and TSG101 (Fig. 1C) . Additionally a mutation of amino acid residue methionine 95 of TSG101, which is known to be required for PS/TAP binding (7, 8) , abolished the ARRDC1-TSG101 interaction (Fig. 1D) . Together, these results demonstrate that ARRDC1 interacts with TSG101 through specific UEV/PSAP binding.
To understand better the biological consequences of the ARRDC1-TSG101 interaction, we investigated the cellular locations of individually expressed or coexpressed proteins that were differentially labeled (ARRDC1-GFP and mCherry-TSG101). We discovered that ARRDC1-GFP localized almost exclusively to the plasma membrane (Fig. 1E) , a finding that was reproduced using FLAG-tagged ARRDC1 in HEK293T cells (Fig. S1A ) or ARRDC1-GFP in multiple cell lines tested (Fig. S1B) . Consistent with our previous study (6) , adventitiously expressed TSG101 was observed in the cytoplasm in multiple punctate foci, as is characteristic of endosome-associated localization (Fig. 1E) . However, when coexpressed with ARRDC1, TSG101 was almost completely redistributed to the plasma membrane (Fig. 1E) . Importantly, coexpression of TSG101 with the PSAP mutant of ARRDC1 did not result in redistribution of TSG101 to the cell membrane, indicating that recruitment of TSG101 to this location is dependent on the PSAP motif in ARRDC1.
ARRDC1 Drives the Release of Extracellular Microvesicles. The dramatic relocalization of TSG101 from endosomes to plasma membrane by ARRDC1 is reminiscent of TSG101 recruitment by the HIV Gag protein during HIV budding (21, 22, 29) . Given the striking parallel between ARRDC1 and Gag in recruitment of TSG101 from the cytosol to the plasma membrane, we hypothesized that ARRDC1 may function like Gag to mediate the direct release of plasma membrane-derived vesicles. To test this hypothesis, we expressed GFP, ARRDC1-GFP, or Gag-GFP in HEK293T cells and 24 h later harvested the conditioned medium and collected extracellular vesicles that were released by the cultured cells. Western blot analysis showed that Gag-GFP and ARRDC1-GFP proteins were robustly present in extracellular vesicles, but the control GFP protein was not ( Fig. 2A) . Consistent with this finding, ARRDC1 was included among the many proteins identified by mass spectrometry in microvesicles derived from human urine (30) , bladder (31) , and colon cancer cells (32) . Electron microscopic examination of the released extracellular vesicles from ARRDC1-transfected cells indicated that the vesicles are <100 nm in diameter with a mean diameter of ∼45 nm (Fig. 2B) .
We next determined whether native, endogenously produced ARRDC1 is released into microvesicles. As shown in Fig. 2C , extracellular vesicles collected from HEK293T cells contained ARRDC1 protein, indicating that ARRDC1 release into extracellular microvesicles is a process intrinsic to these cells. Additionally, depletion of ARRDC1 by shRNA resulted in loss of the extracellular ARRDC1 immunopositive signal (Fig. 2C) , indicating that the released ARRDC1 protein is of cellular origin and is not derived from the FBS supplementing the culture medium. To demonstrate further the presence of ARRDC1 in the microvesicles we collected, we prepared collagen-embedded sections of extracellular vesicle pellets collected from HEK293T cells and stained the vesicles with ARRDC1 antibody. ARRDC1 indeed was detected in the microvesicles (Fig. 2D, Upper) . In contrast, these microvesicles stained negative for the exosomal marker LAMP3/CD63 (Fig. 2D, Lower) . We refer to these extracellular microvesicles as "ARRDC1-mediated microvesicles" (ARMMs).
Using a co-culture system, we observed that ARRDC1 protein contained within ARMMs can be transferred between cells. ARMMs donor cells transfected with control GFP or ARRDC1-GFP were seeded atop untransfected recipient cells on a 0.4-μm porous membrane in a transwell (Materials and Methods). After 30 h, cell lysates were collected from both donor and recipient cells and were analyzed for ARRDC1-GFP or GFP. As shown in Fig. 2E , ARRDC1-GFP but not discrete GFP was detected in the recipient cells, indicating transfer of ARRDC1, which served in these experiments as a surrogate marker for ARMMs, to the recipient cells. Furthermore, the amount of ARRDC1 transferred to recipient cells was proportional to the abundance of adventitiously expressed ARRDC1 in the donor cells, providing further evidence of the functional role of ARRDC1 in ARMMs formation and indicating ARMMs-mediated protein transfer.
Release of ARMMs Requires TSG101 and VPS4 ATPase. TSG101 is essential for MVB formation (33) and HIV budding (19) . We determined whether the release of ARMMs also requires TSG101. As shown in Fig. 3A , knockdown of TSG101 expression reduced ARRDC1 in ARMMs by ∼two thirds compared with control. TSG101 also was released into ARMMs, as occurs for viral particles produced by Gag-mediated budding (34). Moreover, when ARRDC1 was reduced, TSG101 abundance in ARMMs was also reduced by ∼70%. These data indicate a mutual dependency of ARRDC1 and TSG101 for inclusion in ARMMs. We next determined whether ARMMs release specifically requires the ARRDC1-TSG101 interaction. As shown in Fig. 3B , PSAP-mutant ARRDC1 exhibited greatly decreased ARMMs release. Moreover, TSG101 was undetectable in culture medium fractions containing vesicles produced by cells expressing the ARRDC1 PSAP mutant (Fig. 3B) . Collectively, these findings indicate that ARMMs release requires both TSG101 and its interaction with ARRDC1. Consistent with our observations using immunogold staining (Fig. 2D) , known exosomal markers LAMP3/CD63 and LAMP1 were not detected in the ARRDC1-containing vesicles by Western blot analysis (Fig.  3B) , indicating the non-exosomal nature of ARMMs.
The VPS4 ATPase catalyzes the final "pinch-off" of the membranes in the formation of both MVBs and viral buds (35, 36) and is another essential component of the endosomal-sorting pathway. We found that this ATPase also is necessary for ARMMs production. As shown in Fig. 3C , although expression of wild-type VPS4 enhanced ARMMs release, expression of a catalytically inactive mutant of the ATPase (E228Q) almost completely blocked such release. The inhibitory effect is greater than was observed for TSG101 knockdown and may be attributable to the more potent effect by the VPS4 dominant-negative overexpression on the function of the ESCRT pathway. Similarly greater effects of VPS4 in comparison with TSG101 have been observed for HIV Gag budding (19) . Together, our data argue strongly that the ESCRT pathway is essential for the release of ARMMs, as it is for MVB formation and viral budding.
Arrestin Domain-Mediated ARRDC1 Localization at the Plasma Membrane Is Required for ARMMs Release. To establish further that ARMMs are derived from the plasma membrane, we examined frozen sections of ARRDC1-expressing cells by electron microscopy. Cells were transfected with constructs expressing mCherry or ARRDC1-mCherry and treated with immunogoldlabeled anti-mCherry antibody. While mCherry displayed ubiquitous localization, ARRDC1-mCherry was limited to the cell membrane, and staining was observed specifically in budding vesicles emanating from the cell surface and also in ARMMs secreted into the extracellular space (Fig. 4A) . This result supports the notion that ARMMs originate from and are formed at the cell surface. ARRDC1 contains an N-terminal domain that is homologous to arrestins (37) . The arrestin proteins and particularly the β-arrestins have been shown to associate with receptors at the cell membrane to regulate their signaling (38) . We hypothesized that the arrestin domain of ARRDC1 mediates its localization to the plasma membrane. To find highly conserved residues that might be important for the localization of ARRDC1 to the plasma membrane, we aligned amino acid sequences of human arrestin paralogs with ARRDC1 and with another ARRDC protein, ARRDC3, which also is known to localize to plasma membrane (Fig. 4B, Upper) (39, 40) . Several conserved residues (F88, G180, and N191) in the arrestin domain of ARRDC1 were identified. We mutated these conserved residues and determined the cellular location of the corresponding ARRDC1-mCherry fusion proteins. The F88L mutation completely abolished ARRDC1 association with the plasma membrane, leaving the mutant protein evenly distributed in the cytosol, whereas the G180A and N191D mutants retained partial plasma membrane localization (Fig. 3B) . Consistent with data shown in Fig. 1E , the plasma membrane localization of ARRDC1 protein was not perturbed by mutation of PSAP to PAAP. We then examined the effects of arrestin-domain mutants on ARMMs release. Unlike PAAP-mutant ARRDC1, which localizes to the plasma membrane but is not released, arrestin-domain mutants of ARRDC1 proteins interfered with ARMMs release in a manner that correlated with the extent of the disruption of plasma membrane association by the mutations (Fig. 4C) . The F88L mutant completely blocked ARMMs release; the other two mutants had partial inhibitory effects (Fig. 4C ). These results demonstrate that the arrestin domain mediates ARRDC1 localization to the plasma membrane and is required for the release of ARMMs.
Ubiquitination of ARRDC1 by HECT Domain Ubiquitin Ligase WWP2
Facilitates ARMMs Release. ARRDC1 contains two highly conserved PPXY motifs near its C terminus. Although cellular localization of PPXY-mutant ARRDC1 proteins was not perturbed, expression of these proteins markedly inhibited ARMMs release ( Fig. 5A ). In addition, we observed a corresponding decrease in ARRDC band laddering (Fig. 5A) . Such laddering is suggestive of ubiquitination, and to learn whether ARRDC1 in ARMMs is in fact ubiquitinated, we cotransfected HEK293T cells with constructs expressing HA-tagged ubiquitin and ARRDC1-GFP, and collected ARMMs for immunoprecipitation by anti-HA antibody. As shown in Fig. S2 , total lysates of ARMMs collected from ARRDC1-expressing cells also showed increased ubiquitination as compared with a GFP control (Fig. S2) , supporting the notion that the observed laddering of ARMMs-associated ARRDC1 protein results from ubiquitination and additionally suggesting that ubiquitination facilitates ARMMs release. To identify possible candidates for the ubiquitin E3 ligase that mediates ARRDC1 ubiquitination and which may have a role in ARMMs release, anti-ARRDC1 rabbit antibody was used to immunoprecipitate endogenous ARRDC1 and associated proteins from HEK293T cell lysates, and immunoprecipitates were analyzed by mass spectrometry. Among the proteins identified in ARRDC1 immunoprecipitates was WWP2, which is a member of the NEDD4 E3 ligase family (41, 42) . We confirmed the interaction between ARRDC1 and WWP2 by coimmunoprecipitation (Fig. 5B) . WWP2 contains WW domains that are known to interact with PPXY motifs (41, 42) . We found that mutations in the PPXY domains in ARRDC1 almost completely inhibited its interaction with WWP2 (Fig. 5B) . Additionally, as shown in Fig.  5C , ubiquitination of ARRDC1 in ARMMs was enhanced by WWP2 but was not observed in cells expressing the fragment containing only the WW domains, indicating a dominant-negative effect of the WW domain expression on ARRDC1 ubiquitination. Interestingly, both WWP2 and the WW domain fragment also were detected in extracellular vesicle fractions, consistent with the observed WW domain-mediated interaction between ARRDC1 and WWP2. Furthermore, a specific role for WWP2 in ARMMs release was demonstrated, because siRNA-mediated WWP2 knockdown markedly reduced the amount of ARRDC1 released in ARMMs (Fig. 5D) . The data obtained in this series of experiments indicate that WWP2, through interaction with PPXY motifs in ARRDC1, ubiquitinates ARRDC1 and enhances ARMMs release.
Discussion
Mammalian cells are capable of secreting into the extracellular milieu a variety of microvesicles, among which are exosomes, which are derived from MVBs of late endosomes (2, 14, 43) . The results we report reveal a type of microvesicle that is generated by DPMB and is distinct from exosomes. Although TSG101 is located at the surface of late endosomes during the formation of MVBs, TSG101 is recruited by ARRDC1 to the surface of cells for production of ARMMs. Consistent with the plasma membrane origin of ARMMs, our data show that ARMMs lack late endosomal markers such as CD63 and LAMP1 (Figs. 2D and 3B) .
Our findings suggest a direct analogy between ARMMs formation and budding mediated by Gag and other viral proteins (Fig. 6) . It has been well established that many viruses, including HIV, use cellular machinery for their egress (16) (17) (18) . HIV Gag uses PTAP motifs to recruit TSG101 and other endosomal pathway proteins to bud from the cell surface. It has been suggested that Gag protein functionally mimics the host protein Hrs, which interacts with TSG101 through a PSAP motif (11) . However, although Hrs and Gag interact similarly with TSG101, Hrs is an early endosome-associated protein and does not localize to the plasma membrane where viral budding occurs (6, 44) . In contrast, ARRDC1 is directed to the plasma membrane by its arrestin-like domain and multimerizes there (Fig. S3) , as does Gag (45) . Moreover, both Gag and ARRDC1, when adventitiously expressed, are sufficient to induce vesicle formation. Additionally, our results demonstrate that, like HIV Gag budding, ARMMs release requires both TSG101 and VPS4. These data strongly suggest that HIV Gag and likely other viral proteins mimic ARRDC1 to mediate the release of viral particles from host cells. Whether ARMMs production also requires ESCRT-III and ALIX which are involved in Gag-mediated HIV budding (46) , is not known at present. Recently, the shedding of ESCRT-dependent microvesicles that may prove to be ARMMs has been found to be increased in Caenorhabditis elegans embryos by loss of the evolutionarily conserved P4-ATPase, TAT-5, and consequent exposure of phosphatidylethanolamine at the cell surface (47) .
ARRDC1 belongs to a family of ARRDC proteins that share a common domain structure: an arrestin domain at the N termini and two PPXY motifs at the C termini (37) . ARRDC1 contains a highly conserved PSAP motif that is not found in other ARRDC proteins. The PSAP motif interacts directly with TSG101 and, in cells that adventitiously overexpress ARRDC1, redirects TSG101 from endosomes to the cell surface. Potentially, such ARRDC1-mediated relocalization of TSG101 may alter endosomal trafficking and sorting and, consequently, signal transduction by receptors subjected to endosomal sorting mechanisms. Because the arrestin domain of ARRDC1 mediates localization of this protein to the plasma membrane and because β-arrestins are known to bind to phosphorylated receptor proteins (38) , we suggest that ARRDC1 may prove to be a multifaceted regulator of receptor-mediated signaling.
Our data also indicate a role for ARRDC1 ubiquitination in ARMMs release. We showed that ARRDC1 PPXY motifs interact with the ubiquitin E3 ligase WWP2 (Fig. 5B) and that WWP2 mediates the ubiquitination of ARRDC1, in particular the ARRDC1 species that are incorporated into ARMMs. A recent study has shown that another E3 ligase, WWP1, also can interact with and ubiquitinate ARRDC1 (28) . It remains unclear whether WWP1 also has a role in ARMMs production. Interestingly, our previous study showed that the ARRDC1 relative ARRDC3 also interacts with members of the NEDD4 E3 ligase family (40) . Through interaction with NEDD4 E3 ligases, ARRDC3 mediates ubiquitination of β2-adrenergic receptors. Whether ARRDC1 exerts a similar ubiquitination adaptor function has not been determined.
Extracellular microvesicles have the potential to function as mediators of cell-cell communication (2) . Indeed, several studies have identified functional proteins and RNA molecules in exosomal microvesicles and have shown that macromolecules transferred by exosomes can produce functional effects in recipient cells (48, 49) . ARMMs may function similarly in cellular communication, and, consistent with this notion, we found that ARMMs can transfer ARRDC1 between cells. We speculate that ARMMs, like exosomes, may contain RNAs or additional proteins involved in cell-cell communication, and, because ARRDC1 is able to localize to the plasma membrane, we also hypothesize that some of these proteins may be plasma membrane receptors. Identification of the potential signaling proteins or RNAs in ARMMs will facilitate elucidation of the biological role of these microvesicles.
Materials and Methods
Additional information about materials and methods can be found in SI Materials and Methods.
Isolation and Transfer of ARMMs. Culture medium atop nascent or transfected cells was collected and precleared of cellular debris by two consecutive centrifugations (500 × g and 2,000 × g). The medium then was passed through a 0.2-μm filter (Sarstedt) and subjected to ultracentrifugation using the Beckman LTA110 rotor in an Optima LTX centrifuge (Beckman) or using the SW41 Ti rotor in a L8-M centrifuge (Beckman) at 120,000 × g for 2 h, depending on the volume of centrifugate. Medium then was aspirated, and pellets were washed twice with ice-cold PBS. ARMMs then were resuspended either in 1.3× lithium dodecyl sulfate (Invitrogen) supplemented with β-mercaptoethanol or in PBS. To calibrate ARMMs production with cell number, protein concentrations of the corresponding cytosolic lysates were measured using the Protein 660 nm assay (Pierce). For ARMMs transfer assays, transfected cells were washed thoroughly and seeded atop a 0.4-μm transwell membrane (Costar) for 16 h; then the transwell was transferred to a plate containing untransfected HEK293T cells. ARMMs transfer was allowed to proceed for 30 h before harvesting. Alternatively, purified ARMMs resuspended in PBS were added to culture medium containing untransfected HEK293T cells and were incubated for 24-30 h before harvesting.
Immunogold Labeling and Electron Microscopy. For immunogold staining of budding vesicles or vesicles in intercellular spaces, cells were washed, gently detached with 0.5 mM EDTA, and layered on a cushion of 8% (wt/vol) paraformaldehyde (PFA) in 0.1 M sodium phosphate buffer. Cell pellets were collected by centrifugation at 2,000 × g for 3 min, and pellets were replenished with 4% (wt/vol) PFA fixative for 2 h at room temperature before freezing and processing for visualization.
Western Blotting and Immunoprecipitation. Cells were lysed in Nonidet P-40 lysis buffer (0.5% vol/vol Nonidet P-40, 50 mM Tris·HCl, 150 mM NaCl) supplemented with a protease inhibitor mixture (Roche). Lysates or ARRDC1-mediated microvesicles (ARMMs) resuspended in lithium dodecyl sulfate (LDS) sample buffer typically were resolved on a 4-12% NuPAGE gel (Invitrogen) using MOPS running buffer supplemented with Nu-PAGE antioxidant (Invitrogen) before transfer onto a nitrocellulose membrane (GE Amersham) and probing with the indicated antibodies. For immunoprecipitation of cytosolic proteins, 200-300 μg of cell lysate was precleared with protein A agarose beads (Santa Cruz Biotechnology) followed by overnight incubation at 4°C with bait-specific antibodies conjugated to beads. Beads then were washed twice for 10 min in lysis buffer and eluted in 2× LDS sample buffer supplemented with 10% (vol/vol) β-mercaptoethanol for Western blot analysis. For immunoprecipitation of ARMMs-associated proteins, ARMMs were prepared as described above and then lysed in Nonidet P-40 lysis buffer for immunoprecipitation of the bait, as described for cellular proteins.
Confocal Microscopy. Cells grown on glass coverslips were washed twice with PBS and then were incubated in 4% (wt/vol) paraformaldehyde (PFA) for 10 min at room temperature. To quench PFA-derived autofluorescence, cells were washed three times in Tris-buffered saline containing 1 mM CaCl 2 before being mounted on glass slides using Vectashield mounting medium (Vector Labs). Image acquisition was carried out using a Leica TCS-NT laser-scanning confocal microscope (Leica) equipped with air-cooled argon and krypton lasers. Images then were processed using ImageJ (National Institutes of Health).
Electron Microscopy. For microvesicle visualization, an aliquot from an ARMMs preparation in PBS (5-10 μL) was adsorbed for 1 min to a carbon-coated grid. Excess liquid was removed with Whatman #1 filter paper (Whatman) followed by staining for 30 s with 0.75% uranyl formate. Adsorbed ARMMs were examined on a JEOL 1200EX transmission electron microscope, and images were recorded with an AMT 2k CCD camera. For immunogold staining of ARMMs, a microvesicle pellet was fixed in 4% PFA for 2 h, resuspended in 20% gelatin, and infiltrated with 2.3 M sucrose in PBS containing 0.2 M glycine for 15 min to quench free aldehyde groups. Frozen samples were sectioned (80-to 90-nm sections) at −120°C, and sections were transferred to formvar carbon-coated grids for staining. Primary staining was carried out in 1% BSA with the indicated antibodies before washing four times with PBS and incubation with Protein A gold beads (5 nm). Stained grids were contrasted and embedded with 0.3% uranyl acetate in 2% methyl cellulose for 10 min. Grids were examined as described above. For visualization of ARMMs budding, transfected cells were incubated in fixing solution (2.5% glutaraldehyde, 1.25% PFA, and 0.03% picric acid in 0.1 M sodium cacodylate buffer, pH 7.4) for 2 h at room temperature. The cell pellet then was washed in 0.1 M cacodylate buffer, postfixed in a solution containing osmium tetroxide (OsO 4 ) and 1.5% potassium ferrocyanide, and treated with 1% aqueous uranyl acetate. Samples then were dehydrated, treated for 1 h with propylene oxide and soaked overnight in a 1:1 mixture of propylene oxide and TAAB Epon (Marivac Canada) before polymerization in TAAB Epon at 60°C for 48 h. Ultrathin (80-to 90-nm) sections were obtained using a Reichert Ultracut-S microtome and were mounted on copper grids stained with lead citrate. Samples were examined as above. . Self-association of ARRDC1. HEK293T cells were transfected with the specified plasmids and then were harvested in Nonidet P-40 lysis buffer. Lysates were precleared and then were subjected to an anti-FLAG immunoprecipitation (IP). Corresponding samples were analyzed by Western blotting with indicated antibodies. Asterisk indicates a nonspecific immunoreactive band.
